Abstract: We demonstrate a thulium-doped fiber ring laser (TDFRL) integrated with an amplifier, which has a watt-level single-frequency output at 2 m with a 120-nm wavelength tunability. The TDFRL is constructed based on a hybrid ring-linear resonator configuration. An unpumped TDF is incorporated as a self-constructed saturable absorption grating. A blazed grating aligned in a Littrow configuration is employed for broadband wavelength-selective feedback. The characteristics of the laser output mode are analyzed by using an all-fiber scanning ring resonator.
Introduction
Mid-infrared (Mid-IR) lasers have been in great demand for remote sensing applications such as atmospheric surveillance that is operable in almost all weather conditions, noninvasive diagnosis by fluorescent detection for specific tumor cells, as well as for free space long-haul optical communications [1] - [3] . Thulium (Tm) has attracted much attention as a gain medium in the 2 m range since it has shown not only broad emission band over 400 nm but exceptionally high quantum efficiency approaching two as well [4] , [5] . For these reasons, the use of Tm-doped fiber has been the best choice to make for the widely-tunable high-power fiber laser at 2 m operating wavelength. One popular application of the Tm-doped fiber laser (TDFL) is as a pump source for Mid-IR frequency generation through nonlinear optical conversion [6] - [8] . According to our calculation, the optical parametric oscillator (OPO) built based on a fan-out 5% MgO:PPLN crystal can provide the tuning range over 3000 nm at the wavelength of 4 m when it is pumped by the 100 nm tunable TDFL. In this case, the TDFL should have a single frequency output (or a single longitudinal mode (SLM)) with the power of more than 2 W [9] .
In this work, we demonstrate a Tm-doped fiber ring laser (TDFRL) integrated with an amplifier, which supports SLM, wide tunability of more than 120 nm, and high enough power of more than 2.2 W.
The TDFRL features a hybrid ring-linear resonator configuration [10] . The SLM operation is achieved by a self-constructed saturable absorption grating placed in the linear section of the resonator. The blazed grating aligned in Littrow configuration, which is located at the end of the linear section, is utilized for wavelength selective feedback, thereby leading to the wide wavelength tunability. The TDFRL is followed by the Tm-doped fiber based amplifier, which is an all-in-one configuration working on a single pump LD source. All Tm-doped fibers in our configuration are not temperature controlled. The output mode of the laser system is analyzed by using a home-made all-fiber scanning ring resonator.
Laser Configuration
A schematic layout of the laser setup is shown in Fig. 1 .
The laser is built on the basic configuration of the master oscillator power amplifier (MOPA) using a single pump source of 793 nm. The TDFRL corresponding to the master oscillator includes the 2 m SMF ring cavity resonator where the 4 m long TDF is spliced midway, and it is amplified by 6 m long TDF in the latter part of the laser. The TDF has a core with 0.15 NA based on pedestal design and a double cladding with 0.46 NA, which is designed for efficient pumping action in high-power region. The small signal cladding absorption of the TDF is 3.0 dB/m at the wavelength of 793 nm. The pump laser is launched into the TDF through a wavelength division multiplexer (WDM). The residual pump power after the TDF is removed by being absorbed at or radiated by the higher refractive index coating of the 2 m SMF. The coupler with a coupling ratio of 10% is used for the laser output. The ring cavity resonator has also a linear section connected by an optical circulator, where an unpumped TDF of 0.6 m in length is also spliced in the middle as a saturable absorption grating (SAG) [11] , [12] . It is worth noting that the length of the SAG was selected by replacing different lengths of SAG in the linear section, and it was found that the optimum SAG length ranges from 0.4 m to 0.8 m. In the outside of the range, it was hard to get a SLM even in the low output power level. A couple of polarization controllers, PC1 and PC2 are placed at the both ends of the SAG to adjust the state of polarization (SOP) of the counter propagating waves in the SAG. The optical polarizer in the linear section is to facilitate the overall polarization control of the laser, making it possible to control the SOP in the ring and the linear sections separately. The lens with a focal length of 37.52 mm and a NA of 0.24 collimates the light to the blazed grating (300 lines/mm) aligned in the Littrow configuration and refocuses it back into the fiber. The grating provides the wavelength selective feedback, which is achieved by changing the angle of the grating on a precision motorized rotation stage. The optical isolator is added to the ring cavity to cut off the backward emission from the gain TDF to the SAG. It is worth noting that the optical isolator considerably enhanced the mode stability of the laser nevertheless the optical circulator functions as the optical isolator. The polarization controller, PC3 adjusts the SOP in the ring cavity resonator. The TDFRL output goes to the 6 m long TDF through an isolator and a WDM where the pump laser is combined. The fiber end facet of the amplifier output is angle-cleaved to minimize the feedback. The overall length of the resonator is about 22.4 m, which agrees well with the calculation result based on the longitudinal mode spacing of 9.25 MHz.
Results and Discussion

Tunability
The blazed grating in the TDFRL setup makes it possible to tune the lasing wavelength more than 120 nm. The grating is aligned in the Littrow configuration on the precision motorized rotation stage with an angular resolution down to < 0.05 mrad. Lasing spectra for a number of operating wavelengths at the launched pump power level of 7.5 W are shown in Fig. 2(a) . It was found that the signal to noise ratio (SNR) of the laser is higher than 30 dB except around the both ends of the tuning ranges and 35 dB at maximum, which was obtained from the Fourier transform based optical spectrum analyzer (Thorlabs OSA205) with a resolution bandwidth of 0.1 nm at 2000 nm.
The direct measurement using fiber Bragg gratings (FBGs) is needed to confirm the SNR values more correctly. The relative tuning wavelength as a function of the grating angle is plotted in Fig. 2(b) , and it shows that the wavelength tuning rate is about 109.4 nm/degree. The zero point in the horizontal scale indicates the reference wavelength of 2000 nm, where the grating angle was just set to be zero. 
Power Scalability
The laser system consists of TDFRL and its amplifier. The output power of the TDFRL as a function of the launched pump power at the wavelength of 2 m is plotted in Fig. 3(a) . We made 20 measurements of the output power for each pump power level. Each point in Fig. 3(a) represents the average over the number of measurements. The error bar denotes the standard deviation of the measurements, which we believe is mainly originated from the power fluctuation of the pump LD. For the TDFRL itself, the slope efficiency is about 2.7%, which is almost the same as for the other wavelengths. The output power of overall laser system as a function of total pump power is shown in Fig. 3(b) . It features the rapid power increment at the beginning of lasing. Once it starts to lase, the output power increases linearly up to 2.2 W with a slope efficiency of 10.7. Maximum output powers were also measured at different wavelengths. The maximum output power at 2040 nm was about 1 W: the lowest among those measured over the tuning range. The highest was 2.5 W at 1980 nm. The slope efficiency not only for TDFRL itself but for the overall laser system is relatively low compared to that in previous works reported [13] - [15] . It is primarily because all TDFs in our laser system haven't been temperature controlled. Second, but more important, it is due to the low pumping efficiency of TDF, which occurs when using the WDM as a pump beam combiner. We observed that the ring-shaped intensity profile for the pump beam has been generated by the WDM due to, we think, the asymmetric combining of pump beam to the output fiber of WDM. Thus, the ring-shaped pump beam cannot effectively excite the Tm ion in the core of the fiber just passing through the cladding of the TDF. In order to enhance the pumping efficiency, we bent the TDF tight, so that the overlap between the pump beam and the core can be increased. In our setup, the gain TDFs were bent in a shape of a six-leaf clover with leaf diameters of less than 20 mm, which gave rise to the laser output power up to 10 dB higher than loosen one.
Mode Analysis
We made an all-fiber scanning ring resonator to investigate the single modeness of the TDFRL integrated with the amplifier and it is shown in Fig. 4 .
The ring resonator is basically comprised of a tunable coupler, a stack PZT phase modulator, and a polarization controller [16] . The length of the ring resonator is about 2 m, which corresponds to the free spectral range of about 100 MHz. Its resolution is about 4.5 MHz. In order to optimize the action of the ring resonator, we used a 2 m distributed feedback laser diode (DFB LD). The input polarization to the ring resonator was set to be always the same as the one of eigen SOP of the ring resonator, which was made by adjusting polarization controller (PC4) inside the ring resonator whose input port was with a linear polarizer. The typical ring resonator output of the TDFRL integrated with the amplifier is shown in Fig. 5(a) , which was measured by a long wavelength InGaAs photo-diode and a 500 MHz 5 GS/s digital oscilloscope. No dips were observed in the free spectral range, which is the evidence that it is the SLM laser. The background is the relaxation oscillation whose frequency is about 71 kHz. Although the cavity was designed using non-polarization-maintaining fibers, the TDFRL showed stable SLM operation once the SOP was adjusted. In further discussion of the laser output mode, it was found that the lasing mode is switched to the adjacent one when neither the length of SAG nor the control of SOP was optimized in the laser system (Nonetheless, it is still a SLM laser). One of the ring resonator outputs is shown in Fig. 5(b) , which exhibits two beat notes between resonance dips. Each beat note has a frequency of about 9.25 MHz that is the same as the laser mode spacing. This indicates that the lasing mode was switched to the adjacent mode after the beating. In the figure, one can see that the two resonance dips with two beat notes in between has a free spectral range reduced by 18.5 MHz that is the twice of the frequency of each beat note. It means that the lasing mode was switched to the adjacent mode twice during the scan around the region.
Conclusion
We constructed the 120 nm tunable SLM TDFRL whose output power was up to 2.2 W at room temperature. The TDFRL was built based on a hybrid ring-linear resonator configuration and the entire laser system based on MOPA configuration using a single pump source. The SLM and 
